Integrase catalyzes two essential steps in the integration of the retroviral genome-end processing and strand transfer-both of which require the interaction of integrase with viral att sites located at the ends of viral genomic DNA. These two different polynucleotidyl transfer reactions are apparently carried out by a single active site. The end product of these reactions, the integrated provirus, does not undergo transposition and remains a stable part of the host cell genome. A central question in understanding the mechanism of integration is how a single active site accomplishes two distinct polynucleotidyl transfer reactions. We propose that integrase distorts DNA substrates to accommodate both reactions within the active site. Evidence is provided for disruption of base-pairing at the terminus of viral DNA during end processing. Furthermore, we show that this end fraying is a required step in end processing and that it appears to occur after initial binding of the viral DNA end. This requirement for base-pair disruption may account for the inability of integrase to use internal sites on DNA molecules as viral att sites. The specificity of integrase for DNA ends solves a problem posed by the long terminal repeat structure of the viral genome, and may help to prevent transposition of integrated proviruses.
Integration of the double-stranded DNA copy of the ret roviral genome into host cell chromosomal DNA is a requirement for efficient viral replication (for review, see Brown 1990; Goff 1992; Whitcomb and Hughes 1992; Vink and Pksterk 1993; Katz and Skalka 1994) . Genetic studies have shown that the process requires two virally encoded functions: the integrase protein (Donehower and Varmus 1984; Panganiban and Temin 1984; Schwartzberg et al. 1984; Hippenmeyer and Grandgenett 1985; LaFemina et al. 1992 , Cannon et al. 1994 Taddeo et al. 1994; Engleman et al. 1995; Wiskerchen and Meusing 1995) , and sequences known as attachment [att] sites located at the termini of the long terminal repeats (LTRs) (Panganiban and Temin 1983; Colicelli and Goff 1985) . Analysis of att site sequence requirements for integra tion in vitro have shown that a subterminal, phylogenetically conserved CA/GT dinucleotide pair is crucial, whereas other base pairs in the terminal 10-12 bp of each viral DNA end play a less critical role in determining specificity (Craigie et al. 1990; Bushman and Craigie 1991; LaFemina et al. 1991; Vink et al. 1991; Leavitt et al. 1992; Sherman et al. 1992 Analysis of integration in vivo and in vitro has re vealed that the reaction proceeds in three steps (Brown et al. 1987 (Brown et al. , 1989 Fujiwara and Mizuuchi 1988; Roth et al. 1989 ): (1) 3'-end processing, in which the terminal two nucleotides are cleaved from the 3' ends of the viral DNA such that the processed ends terminate with the phylogenetically conserved CA dinucleotide; (2) strand transfer, in which the recessed 3' ends of the viral DNA are joined to staggered 5' sites on opposite strands of target DNA, yielding a gapped intermediate in which the 5' ends of the viral DNA and the 3' ends of the target DNA remain unjoined; and (3) 5' end-joining, in which the gaps flanking the 5' ends of the viral DNA are re paired to seal in the proviral DNA. The mechanism of this last step remains undefined. The final product of these steps is a provirus that is flanked by 4-to 6-bp repeats of the host chromosomal DNA.
In vitro studies with diverse retroviral integrases using model DNA substrates have shown that integrase alone can catalyze end processing and strand transfer (Craigie et al. 1990; Fitzgerald et al. 1990; Katz et al. 1990; Sher man and Fyfe 1990; Bushman and Craigie 1991; van Gent et al. 1991; Pahl and Flugel 1993; Katzman and Sudol 1994; Vink et al. 1994) . The reactions require no exog enous energy source. Integrase can also catalyze the re versal of the strand transfer reaction in vitro using a sub strate that mimics the strand-transfer reaction interme diate, a process termed disintegration (Chow et al. 1992) .
Mutational analyses of retroviral integrases have iden-tified at least three functional domains, one of which is the central core domain, containing the D,D(35)E se quence motif. This motif is conserved among retroviral and retrotransposon integrases, as well as the transposases of some bacterial transposons (Fayet et al. 1990; Rowland and Dyke 1990; Khan et al. 1991; Kulkosky et al. 1992; Baker and Luo 1994; Polard and Chandler 1995) . Mutation of the phylogenetically invariant aspartate or glutamate residues of this motif can abolish all catalytic activity (Drelich et al. 1992; Engelman and Craigie 1992; Kulkosky et al. 1992; LaFemina et al. 1992; van Gent et al. 1992; Bushman et al. 1993; Leavitt et al. 1993; Baker and Luo 1994) suggesting a direct role in catalysis. The parallel effects of mutations at these resi dues on end processing, strand transfer, and disintegra tion, as well as their physical proximity (Dyda et al. 1994; Bujacz et al. 1995) , suggest that there is a single catalytic site per integrase protomer. The single catalytic site in integrase must accomplish two separate reactions-end processing and strand trans fer. Although both are one-step polynucleotidyl transfer reactions (Engelman et al. 1991) , the two reactions are quite different in the identity and organization of the reactants relative to the attacking hydroxyl nucleophile and the phosphate groups undergoing substitution. In end processing, phosphodiester bond cleavage (most likely by water in vivo) yields the 3' hydroxyl of the conserved subterminal A nucleotide as the leaving group, whereas in strand transfer, the same 3' hydroxyl is the attacking nucleophile. Moreover, in end processing, the reactive phosphate is part of the viral DNA end and is subsequently removed from the end, whereas in strand transfer, the reactive phosphate is part of the target DNA and becomes joined to the viral DNA end.
The differing requirements of end processing and strand transfer make it difficult to envision a single cata lytic site accommodating these two reactions if the sub strates retain B-form structure. The variations in the re actions suggest a requirement for flexibility in the struc ture of the viral and target DNAs to accommodate these variations and to minimize the differences between the substrates and reactions. Such flexibility would accom modate similar transition states for reactions catalyzed by the integrase active site. An indication of substrate flexibility in end processing is provided by the observa tion that the terminal 3' hydroxyl of the viral DNA end can, under some conditions, serve as a nucleophile in the end-processing reaction in vitro (Engelman et al. 1991; Vinketal. 1991b; Dotan etal. 1995) , generating a 3' -^5' cyclic dinucleotide product. Attack by the terminal 3' hydroxyl on the penultimate 3' phosphodiester bond suggests disruption of base-pairing at the ends of viral DNA to allow the hydroxyl group access to the phos phate undergoing substitution.
We have tested the hypothesis that integrase disrupts base-pairing at the viral DNA end during end processing. Our results demonstrate that noncomplementarity of terminal base pairs stimulates end processing and indi cate that the end-processing reaction requires disruption of the terminal base pairs (end fraying). The requirement for disruption of base pairing at the site of cleavage may account for the ability of integrase to act specifically at the ends of viral DNA and not at identical sequences at internal sites in the viral DNA, or at the viral-target DNA border in the integrated pro virus.
Results

Base-pair mismatches can increase end processing
The formation of a 3' -^ 5' cyclic dinucleotide product of end processing (Engelman et al. 1991) suggested that the terminal base pairs of the viral DNA end might be dis rupted (frayed) before or during the chemical step of end processing, rendering the terminal 3' hydroxyl available to attack the penultimate phosphodiester bond phos phate. This raised the possibility that integrase might facilitate base-pair disruption at the viral DNA ends as an early step in end processing. We initially tested this hypothesis by testing DNAs with mismatched ends as substrates in the integration assay (Fig. lA) . Our initial experiments involved testing substrates into which ran domized single-base-pair mismatches were introduced near the terminus of the viral DNA end substrate. The mismatches were introduced by using an equimolar mix ture of noncomplementary bases paired with wild-type bases to minimize the idiosyncratic effects of base iden tity on the reaction. These altered substrates, containing terminal base-pair mismatches, were processed by inte grase at rates up to severalfold higher than their wildtype counterparts with fully complementary base pairs (Fig. IB) . The increase in processing activity was ob served only if one or more of the terminal 3 bp were mismatched. We also tested model HIV-1 viral DNA end substrates that incorporated single terminal mismatches composed of an altered base complemented with a wildtype counterpart. These substrates were also processed at rates up to severalfold higher than the fully wild-type substrate (data not shown). The increase in end process ing was once again observed only if the mismatches were incorporated in the terminal three base pairs.
Effect of specific base-pair mismatches on end processing
Although the presence of mismatches composed of a wild-type base opposite an altered base in model HIV-1 DNA end substrates resulted in an increase in end pro cessing, the increases were not dramatic. We speculated that this was attributable to two effects operating in op position to each other: a positive effect of the mismatch countered by the negative effect of altering a natural base. A more appropriate comparison of the effect of a mismatch on end processing would be to relate the end processing of substrates with noncomplementary basepair substitutions to those with complementary basepair substitutions. To distinguish the effects of mis matches between base pairs from the effects of the iden tity of the altered bases, each of the terminal 6 bp was rel. ep investigated using a set of four oligonucleotide sub strates, incorporating all four combinations of two alter native bases on each strand. Thus, the strategy involved a four-element matrix of substrates for each position in the viral DNA end from the terminal base pair to the sixth base pair inward from the terminus (Fig. 2) . For each base pair tested, all four substrates differed from the wild type: two were fully complementary, and two were mismatched. This approach allowed the effects of struc ture (matched or mismatched) to be distinguished from the effects of specific base substitutions.
Complementary base-pair substitutions at the first or second positions (relative to the terminal base pair) in the viral DNA end substrate resulted in moderate (threeto fivefold) reductions in end-processing activity when compared to the wild-type substrate (Fig. 2) . Substrates with noncomplementary base-pair substitutions at the same positions had higher rates of end processing than the complementary base-pair substituted substrates from which they were derived (Fig. 2B ). The magnitude of the increase varied from less than fourfold for mis matches at the terminal base pair to approximately eightfold for mismatches in the second base pair. In ad dition, the substrates with noncomplementary base-pair substitutions were better substrates for end processing than the wild-type substrate. The most dramatic effect of a base-pair mismatch was observed with mismatches at the third position, the site of the phylogenetically con served A:T base pair (Fig. 2B ). Complementary base-pair substitutions at this position resulted in a profound re duction in end processing, which could be rescued to near wild-type levels by a base-pair mismatch. The mag nitude of the difference in end-processing activity be tween base-paired and mismatched substrates was from 10-to 17-fold. A favorable effect was not observed for mismatches in the fourth base pair, the position of the conserved C:G base pair (Fig. 2B ). Complementary basepair substitutions at this site resulted in a drastic loss of end-processing activity, and base-pair mismatches at this position conferred no consistent advantage. Simi larly, mismatches in base pairs 5 and 6 did not enhance end processing (Fig. 2B) . Thus, end processing was stimu lated by base-pair mismatches at any of the terminal 3 bp, but mismatches at more internal sites, from the fourth base pair inward, had no apparent favorable effect.
A 3' ^ 5' cyclic dinucleotide is produced as a product of end processing only in the presence of Mn^"^ and not Mg^^ (Engelman et al. 1991) . This raises the possibility that end-fraying does not occur when the metal ion cofactor is Mg^*. Because the metal ion cofactor in vivo is most likely Mg^"^, we tested whether terminal mis matches enhanced end processing when Mg^"^ was the divalent cation. The results were fundamentally similar to those observed in reactions performed in the presence of Mn^^: Mismatches in any of the terminal 3 bp in creased end processing (data not shown; B. Scottoline and P. Brown, in prep.).
Internalized viial DNA ends
Because of the LTR structure of the retroviral genome, the terminal att sequences that serve as the substrates for end processing and joining to target DNA are dupli cated at internal sites in the retroviral genome. Despite being exact duplicates of the actual att sites at the viral DNA ends, these internal copies are not used as attach- The wild-type bases at each base-pair position are indicated at the upper left hand corner of the corresponding table, with the upper letter representing the base in the processed strand and the lower letter representing the base in the opposite strand. The identity of the altered bases in the processed strand is indicated above the corresponding column; the altered bases for the opposite strand are identified to the left of the corresponding row. The number in each cell represents the end-processing activity for the corresponding substrate, normalized relative to the activity observed on a wild-type substrate. Both the -2 products of end processing and the strand transfer products were considered in determining end-processing activity, as strand-transfer products are derived from end-processed substrates. Each number is an average of at least three measurements.
ment sites for integration. In vitro, model substrates in which the terminal sequences of the viral DNA are moved to internal positions do not undergo end process ing or integration (Vink et al. 1991a; Leavitt et al. 1992) We hypothesized that integrase is unable to cleave DNA at internal att sequences because base-pair disrup tion at an internal site is energetically unfavorable in comparison to base pair disruption at a DNA end (Leroy et al. 1988) . We reasoned that facilitating the disruption of base-pairing at internal sequences corresponding to the end of viral DNA might allow^ these sequences to be processed. We tested this hypothesis using oligonucleo tide substrates that had a 5-or 15-bp extension of GCrich nonviral sequence added to the HIV-1 viral DNA end (Fig. 3A) . As expected, end processing of these sub strates by HIV-1 integrase could not be detected (Fig. 3, C and D, lanes a and e, and lanes d and h, respectively). When base-pair mismatches w^ere introduced into these internalized-end substrates near the wild-type cleavage site (immediately 3' to the phylogenetically conserved CA dinucleotide), end processing was clearly detectable at levels from 5% to 50% of the activity observed with the standard wild-type substrate (Fig. 3 , C and D, lanes b and c and lanes f and g, respectively). This end-process ing activity represents an increase of at least 100-fold over the (undetectable) activity with internalized-end substrates lacking mismatches. Mismatches in base pairs 1, 2, or 3 (numbering from the end of the natural viral DNA sequences) introduced into the -i-S internal ized-end substrate also restored end-processing activity, whereas mismatches in the fourth base pair did not (data not shown). Similarly, single nicks in either the 3'-or 5'-terminal strand at the junction of the viral and nonviral DNA in the +15 internalized-end substrate allowed cleavage at the internal site (Fig. 3D, lanes i,j) . Viral DNA end substrates with single-stranded extensions on the 3'-or 5'-terminus, or with noncomplementary ex tensions on both termini, were processed at near wildtype levels (data not shown), in agreement with earlier studies (Vink et al. 1991a ). Integrase did not cleave analo gous oligonucleotide substrates that lacked significant homology to att sequences but contained terminal mis matches (data not shown).
The results shown in Figure 3 were obtained using Mn^* as the divalent metal cofactor. When the same sub strates were tested using Mg^"" instead of Mn^^, activity still depended on the presence of a mismatch or a nick near the site of end processing (Fig. 3D , lane f/Mg).
Mismatches near the site of cleavage promote all end-processing reactions
Formation of the 3' -> 5' cyclic dinucleotide implicitly requires disruption of terminal base pairs to make the terminal 3' hydroxyl available for attack on the penulti mate phosphodiester bond. In contrast, hydrolytic cleav- age of this bond, could, in principle, occur without dis ruption of terminal base pairs. Therefore, unless endfraying were required for both cleavage pathways, disruption of terminal base pairs would be expected to enhance the production of the cycHc product dispropor tionately. Conversely, if fraying were required both for hydro lytic cleavage and attack by the terminal 3' hy droxy}, disruption of terminal base pairs would be ex pected to enhance the production of all end-processing products.
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Substrates with complementary or mismatched basepair substitutions in the second or third base pairs were labeled at the 3' end of the processed strand and tested in the end-processing assay (Fig. 4, lanes 1,2) to determine the effect of mismatches on the distribution of products (Fig. 4, lanes 3-8) . Complementary base-pair substitu tions at either of these positions, whether mismatched or complementary, resulted in a marked increase in the relative abundance of the cyclic dinucleotide product when compared to the ratio of products generated with the wild-type substrate (Fig. 4 , cf. lanes 2 and 4 or 2 and 7). Mismatched base-pair substitutions at the second base pair did not detectably alter the ratio of the cyclic to linear product observed with complementary base-pair substitutions (Fig. 4, lanes 7,8) . Mismatched substitu tions for the third base-pair increased the ratio of the cyclic product to the linear product only slightly when compared to complementary base-pair substitutions at this position (Fig. 4, lanes 4,5) .
These results indicate that end fraying per se has little effect on the ratios of the products of end processing. We conclude that disruption of base pairs adjacent to the cleavage site is required not only for cyclic dinucleotide formation but for end processing in general.
End fraying alters k^^t foi e,nd processing
To better understand how terminal fraying promotes end processing, we analyzed the kinetic parameters for end processing of wild-type and variant substrates. We found that in many cases it was necessary to conduct measure ments under conditions in which the concentration of integrase protomers exceeded the concentration of the viral DNA substrate. This was because in most cases, the measured apparent K^ for this substrate was less than the concentration at which integrase was active. However, the active form of integrase probably contains more than one protomer per active site van Gent et al. 1993; Ellison et al. 1995) . Addition ally, we obtained similar results when the K^ was de termined from reactions in which [S] was near or ex ceeded [E] and over a range of enzyme concentrations (data not shown). The more important measurements in these experiments, that of the Vmax/ were made at sub strate concentrations in excess of both K^ and enzyme concentration and were unaffected by these ambiguities. We first determined an apparent K^ of 4 UM for a 21-mer oligonucleotide substrate corresponding to the U5 end of the viral DNA (data not shown). Using the array of mutant substrates shown in Figure 2 , the apparent K^ was determined for sets of substrates with complemen tary or mismatched base-pair substitutions at the first through fourth base pair. Figure 5 shows the results for a pair of substrates with substitutions at the third base pair. The apparent K^ values for these two substrates were quite similar (4 vs. 9 nivi) and also very similar to that for the wild-type substrate. In contrast, the V^^ax values differed significantly (ninefold) between the two substrates. The kinetic parameters measured for the re actions using sets of paired (complementary vs. mis matched) substrates with alterations at base pairs 1, 2, and 3 were consistent with the results in Figure 5 . A representative sample is shown in Table 1 : The apparent K^ values for substrates with mismatched or comple mentary base-pair substitutions at each position were similar to each other and to that for the wild-type sub strate. In contrast, the Vmax values for reactions with mismatched substrates were greater than those for reac tions using the corresponding, fully base-paired sub strates. The apparent K^ values for substrates with sub stitutions at the fourth base pair, the site of the highly conserved C:G base pair, were nearly 10-fold greater than that for the wild-type substrate, but again this parameter was essentially unaffected by the presence or lack of cor rect base-pairing at this position. Vmax was not increased by mismatches at this position (Table 1 ).
The data from these experiments suggest that the stimulation of the end-processing rate by end fraying is 376 GENES & DEVELOPMENT through an increase in k^^^. Detailed interpretation of these results will require further investigation of the in dividual steps in the end processing reaction.
Discussion
Integration of retroviral DNA depends on interactions between the integrase protein and att sites at the ends of viral DNA. For integration to occur, integrase must first cleave the 3' ends of viral DNA and then join the ends to target DNA. How integrase accomplishes two reactions involving very different arrangements of DNA substrates has been a puzzle. Integrase is unable to recognize inter nal att sites as substrates for integration. This substrate specificity avoids a potential problem posed by the LTR structure by preventing the suicidal use of the internal edges of the LTRs as att sites. It may also contribute to the stability of the integrated provirus, preventing fur ther rounds of transposition. The basis of the specificity of integrase for viral DNA ends has not been understood. The results presented here provide insights into both problems.
End fraying and end processing
Mismatches increase the equilibrium constants for basepair opening by approximately three orders of magnitude at internal DNA sites (Moe and Russu 1992) . Thus, noncomplementary base pairs are more readily disrupted than complementary base pairs. Model HIV-1 DNA end substrates in which the natural base pairs at the terminal three positions were replaced with noncomplementary base pairs underwent end processing more readily than substrates with complementary base pairs. Substrates with mismatches composed of a wild-type base comple mented with an altered base were processed at rates which were severalfold higher than wild type, despite the presence of a mutation that would be expected to reduce end-processing activity. Mismatches of a similar type have been observed previously to have little effect on or to increase end processing (van den Ent et al. 1994 ).
More dramatic effects of mismatching were observed if the processing of substrates incorporating noncomple mentary base-pair substitutions was compared with the processing of substrates incorporating complementary base-pair substitutions. These substrates allowed the ef fects of base-pair mismatching to be distinguished from the confounding effects of the necessary alterations in conserved bases. Enhancements of end processing by base mismatches ranged from 4-fold for mismatches at the terminal base pair to nearly 20-fold for mismatches at the third base pair. These results are consistent with a decrease in the effect of mismatching on base-pair open ing equilibria from the third base pair to the terminal base pair (Leroy et al. 1988) . The increased rate observed with mismatched substrates indicates a lower energy barrier for a rate-limiting step in the reaction. We attrib ute this lower barrier to the facilitation of end fraying by base-pair mismatches, suggesting that disruption of base-pairing at the terminus of the viral DNA is a step in end processing. Base-pair mismatches internal to base pair 3 produced no consistent positive effect on end pro cessing, suggesting that base pairs internal to this posi tion are not disrupted during end processing. Kinetic experiments indicated that mismatches be tween any of the terminal 3 bp increased the k^^^ of the end-processing reaction (when compared to k^^^ values measured for substrates with complementary base-pair substitutions) while leaving the apparent K^ virtually unaltered. Mismatches also did not affect the stability of the initial stable complex (Ellison and Brown 1994) be tween the substrate DNA and integrase (data not shown). Thus, disruption of terminal base pairs appears to occur after initial binding. Facilitating terminal basepair disruption did not significantly alter the distribution of end-processing products, indicating that disruption of base pairs adjacent to the cleavage site is essential not only for cyclic dinucleotide formation, but for end pro cessing in general.
The role of the end in end processing
A terminal location of att sequences is critical to inte gration. In vivo, Moloney murine leukemia viruses (MoMLVs) with 10 supernumerary base pairs at one end of the viral DNA are replication defective, and the inter nalized att sites are not detectably processed (Colicelli and Goff 1988) . In vitro, the addition of base pairs at the termini of model HIV-1 DNA ends results in a progres sive reduction in end-processing activity (B.P. Scottoline et al., this paper; Vink et al. 1991a ). Thus, some property of a viral DNA end other than the proper att site se quence is required for integration. This property appears to be fraying of the viral DNA ends. We found that sub strates with internalized att sites were processed only if base-pair disruption was facilitated near the end-process ing cleavage site. Mismatches in the terminal 3 bp of the internalized att site sequence, or nicks near the cleavage site, apparently reduced the increased energetic barrier to base-pair disruption associated with internal base pairs and restored accurate end-processing activity. The presence of such modifications, however, is not suffi cient to support processing activity in the absence of an att sequence. Thus, end processing by integrase requires both att site sequences and base unpairing near the site of cleavage; the requirement for an end-in-end processing can thus be understood as a consequence of the lower energetic barrier to base disruption at the end of a DNA molecule (Leroy et al. 1988 ).
The dependence of the endonuclease activity of inte grase on a DNA end provides a convenient explanation for the apparent permanence of the proviral DNA. Proviral DNA lacks only the last 2 bp of unintegrated viral DNA, which are replaced by target DNA in the provirus. The sequence of the terminal 2 bp can be altered without a drastic effect on end-processing activity (B.P. Scotto line et al., this paper; LaFemina et al. 1991; Vink et al. 1991a; Leavitt et al. 1992; Sherman et al. 1992) ; thus, if the endonuclease activity of integrase did not require a DNA end, the proviral DNA might be a suitable sub strate for cleavage. The resulting cleavage product would then exactly resemble the donor cleavage product in replicative transposition (Shapiro 1979) , and would poten tially be competent for subsequent strand transfer. Thus, the requirement for base-pair disruption around the site of end processing, and the apparent inability of integrase to stimulate this disruption away from an end, makes proviral DNA a poor substrate for integrase, and prevents proviral transposition. For the same reason, the dupli cated att sites at internal LTR edges are not substrates for cleavage by integrase.
A model for a single active site catalyzing two distinct steps of the integration process
Distortion of target DNA has been suggested to play a role in the strand transfer reaction (Pryciak and Varmus 1992; Muller and Varmus 1994; Pruss et al. 1994a,b) . The evidence for DNA distortion in end processing and strand transfer suggests a means by which the active site could catalyze these two reactions, which differ in the arrangement of the phosphate to be substituted and the identity of the attacking nucleophile (Fig. 6) . Substrates in the two reactions could be distorted such that simi larities between the two reactions are maximized. Thus, in the end-processing reaction, end fraying would allow the phosphate group under attack and the adjacent viral DNA to be positioned in the active site in an arrange ment homologous to that of the target phosphate and surrounding target DNA during strand transfer. With similar phosphate transition states, the subsequent nucleophilic attacks could then follow similar pathways for both reactions.
Similarity with other proteins involved in polynucleotidyl transfer reactions
The effects of end fraying on the endonuclease activity of HIV-1 integrase are remarkably similar to those that have been observed with Mo-MLV integrase (B.P. Scotto line and P.O. Brown, in prep.) . This suggests that end fraying is likely to be a general feature of the retroviral integration reaction. Evidence for an altered DNA struc ture near the donor cleavage site has also been observed in several related polynucleotidyl transfer reactions. The bacteriophage Mu transposase protein (MuA), which shares important catalytic and structural features with integrase (Mizuuchi 1992; Baker and Luo 1994; Rice and Mizuuchi 1995) , appears to cause DNA deformation at the termini of Mu DNA (Lavoie et al. 1991) , and mis matching or nicking of flanking DNA in model Mu end oligonucleotide substrates facilitates cleavage by MuA protein (Savilahti et al. 1995) . Likewise, unpairing of cod ing flank or signal sequence DNA near the cleavage site of the V(D)J recombinase, which catalyzes reactions that share mechanistic features with those catalyzed by inte grase , stimulates cleavage (Ramsden et al. 1996) . The parallels between the roles played by deformation of the double helix near the site of donor cleavage in these diverse systems suggests a common strategy, distortion of substrate DNA, for reconciling the constraints of DNA structure with the flexibility re quired for interaction between the active site and sub strate DNA. Furthermore, integrase, MuA, and the V(D)J Figure 6 . Models for the configuration of the viral DNA end during end processing {A) and for viral DNA end and target DNA dur ing strand transfer (B). The diagrams show only an integrase protomer, rather than a dimer or larger multimer, to emphasize DNA configuration. The monomer is de picted with a single catalytic site, symbol ized by the broken line. The phosphate groups undergoing attack are symbolized as solid circles on the DNA, which is repre sented in ribbon structure.
[A] Viral DNA configuration during end processing. The last 3 bp of the viral DNA end are disrupted, and the scissile phosphodiester bond is po sitioned in the catalytic site for nucleophilic attack by solvent water (HOH) or the termi nal 3' hydroxyl. Endonucleolytic cleavage releases a dinucleotide product.
[B] After cleavage, the processed viral DNA end re mains stably bound, and the enzyme binds target DNA. The target DNA may be dis torted. In this scheme, the strand of the tar get DNA that becomes joined to viral DNA during the strand-transfer reaction occupies the position that was occupied by the 3' end of the viral DNA prior to end processing. The reactive phosphodiester bond in the target DNA is positioned in the active site in a manner similar to the position of the scissile phosphodiester bond in end processing. Nucleophilic attack by the recessed viral DNA end 3' hydroxyl (OH) on a target DNA phosphodiester bond phosphate accomplishes strand transfer. Thus, strand transfer resembles a reversal of the end-processing reaction.
recombinase catalyze strand transfer as well as donor cleavage; the close analogy between the reactions carried out by these polynucleotidyl transferase proteins sug gests that these enzymes may employ common modes of local deformation of DNA structure to allow their active sites to catalyze both reactions.
Materials and methods
Enzymes
Wild-type HIV-1 integrase (IN) was expressed in Escheiichia coli and purified as described previously (Vincent et al. 1993) . T4 polynucleotide kinase (T4 PNK) was purchased from New England Biolabs, and exonuclease-free Klenow fragment of E. coli DNA polymerase I (exo-free Klenow) was purchased from U.S. Biochemical.
Preparation of integration and end-processing assay substrates
All oligonucleotides were obtained from Operon Technologies and were purified by electrophoresis through 20% denaturing polyacrylamide gels prior to use. The standard end processing and strand transfer assay substrate (wild-type) mimicked the last 21 bp from the U5 end of HIV-1 DNA. The strand corre sponding to the 3' terminus of the viral DNA (sequence 5'-ATGTGGAAAATCTCTAGCAGT-3') was labeled at its 5' end with [7-3^P]ATP (6000 Ci/mmole, 10 pCi/pl, Amersham) using T4 PNK. The labeled strand was purified away from unincor porated label by gel filtration through two successive 1 -ml bed volume Sephadex G-15 (Pharmacia) spin columns (Sambrook et al. 1989) , and the recovery was quantitated by scintillation counting. The labeled strand was annealed to a 1.5-fold excess of the 21-mer complement. Other substrates for integration assays were prepared in the same manner.
To prepare substrates for assaying the dinucleotide products of 3'-end processing, 20-mer oligonucleotides corresponding to the 3' terminus of the U5 end of HIV-1 DNA, but lacking the final T of the 3' end, were annealed to 18-mer template strands that corresponded to the 5' terminus of the U5 end. The result ing double-stranded oligonucleotides were filled in with [a-^^P]TTP (3000 Ci/mmole, ICN) using exo-free Klenow and then purified over two successive G-15 spin columns followed by electrophoresis through a 20% denaturing polyacrylamide gel to separate the labeled strand away from the template strand. The correctly labeled 21-mer 3' end strand was visual ized by autoradiography, excised from the wet gel, eluted, quan titated by scintillation counting, and annealed to a 1.5-fold ex cess of the desired 21-mer complement.
Mutant oligonucleotides
Mutant viral DNA end oligonucleotides for studying end fray ing were 21-mers identical to the wild-type sequence except for alterations at the positions indicated in Figure 2 . These sub strates were either labeled at the 5' or 3' end as described above.
Intemalized-end oligonucleotides were also based on wild-type and mutant 21-mer substrates but incorporated additional nonviral nucleotides at the end of viral DNA sequences. The se quence of the extensions and the identity of the mutations are as noted in Figure 3A .
Substrates for end-processing kinetics
Substrates to be used for kinetic analysis of end processing were labeled at the 5' or 3' end, annealed as described above, and then
GENES & DEVELOPMENT
379
Cold Spring Harbor Laboratory Press on October 25, 2017 -Published by genesdev.cshlp.org Downloaded from subjected to electrophoresis through 15% native polyacrylamide gels to purify the double-stranded substrate away from excess complement. The double-stranded substrate was visual ized by autoradiography, excised from the wet gel, eluted, and quantitated by scintillation counting prior to use in integration or end-processing assays.
Integiation and end processing assays
Integration assays were conducted as follows, unless otherwise noted: One picomole of viral DNA end oligonucleotide sub strate was incubated with 0.5 pmole HIV-1 IN protomer in a reaction buffer containing 20 mM HEPES-OH (pH 7.4), 20 mM KCl, 5 mM MnClj, 5 mM DTT, and 0.05% NP-40 in a reaction volume of 10 |il at 37°C for 30 min. Reactions were confirmed previously to be linear with time over the course of these reac tions. For reactions with internalized-end substrates, 0.5 pmole of substrate DNA and 2 pmoles of HIV IN were used per reac tion. The reactions were stopped by adding an equal volume of 95% formamide, 20 mM EDTA (pH 8.0), 0.05% xylene cyanol, and 0.05% bromophenol blue followed by heating at 95°C for 5 min. Products were resolved by electrophoresis through 20% denaturing polyacrylamide gels at 2000 V for 5.5 hr, visualized by autoradiography, and quantitated using a Molecular Dynam ics Phosphorlmager. Both the -2 products of end processing and the strand transfer products were considered in determining to tal end-processing activity, as strand-transfer products are de rived from end-processed substrates.
Assays for the dinucleotide products of the end-processing reaction, and quantitation of the products, were carried out as for the integration assay except for the electrophoresis step, in which the products of the reaction were separated by electro phoresis through 24% denaturing polyacrylamide gels for 3 hr at 2300 V. All the radiolabeled products of end processing were considered in determining total end-processing activity.
